Power electronics systems are typically designed and manufactured using non-standard parts, which results in labor-intensive manufacturing processes and increased cost. As Key Words: Power electronics, modularization, integration, packaging, integrated power electronics modules, and integrated analysis and design.
Introduction
Power electronics and related power processing technologies constitute an "enabling infrastructure technology" with a significant potential impact on industrial competitiveness. This is manifested through the increased energy efficiency of equipment and processes using electrical power, and through higher industrial productivity and higher product quality, which results from the ability to control precisely the electrical power for manufacturing operations. Industrial firms are under constant pressure to produce power electronics products that are more powerful, durable, smaller, lighter, and less costly to the consumer. Despite all these requirements, power electronics products, to date, are essentially custom-designed, with a long design cycle time. The power conversion equipment is designed and manufactured with nonstandard parts. Thus, manufacturing processes are laborintensive, resulting in high cost. This paper discusses an
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Technology Barriers
Over the last twenty years, the fundamental approach to power conversion has steadily moved toward "highfrequency synthesis", resulting in huge improvements in converter performance, size, weight and cost. It is important to note, however, that in some high frequency power conversion technologies, fundamental limits are being reached that will not be overcome without a radical change in the power conversion strategy. These fundamental limitations are briefly discussed in the following paragraphs.
Power Semiconductor Devices
It is well recognized within the industrial sector that the performance of power electronics systems were driven by improvements in semiconductor components during the last five decades. The power device industry has undergone a revolutionary change, from bipolar technology-based devices, such as bipolar power transistors, power thyristors, and gate tum-off thyristors, to MOSbased devices, such as power MOSFETs, Insulated-GateBipolar-Transistors (IGBTs) and MOS-controlled t h p ktors [I] [2]. This change has allowed the alignment of the power device manufacturing technology with the IC technology used to fabricate CMOS devices (memory and microprocessor chips). High-voltage integrated circuits (HVICs) that combine CMOS digital interface circuits, bipolar analog control circuits, and high-voltage drive transistors have also been developed for applications such as power supplies and adjustable speed drives. Moving from bipolar to MOSFET technology has resulted in speed increases that, today, test the limits of package inductance, thermal handling, and basic insulation of the systems. Thus, an order of magnitude increase in switching speed, which is possible with new device technologies, will require substantial reductions in structural capacitances and inductances associated with device and system-level packaging, as well as new approaches in interconnection, passive components and system integration.
Passive Components
The inadequate performance of passive components at high switching speeds is evident. High current and volt-0-7803-7 156-9/02/$I0.000 2002 IEEE age rates often produce frequency components in the megahertz range. This, in turn, results in a situation where most of the capacitors used in power converters behave as inductors, and the inductors behave as capacitors. This forms another critical barrier to future developments, because the major reason for further increases in switching speeds in most applications is the size reduction of passive components. This motivation is only valid when the loss increases at these higher frequencies do not imply derating or thermal considerations that negate the size reduction, indicating the need for improved materials for these functions. Even continued efforts at developing cost-effective and volume-efficient capacitors and magnetic components with significantly improved performance do not solve the problems of high frequency interconnection impedance (parasitics) in future developments. This also includes improved operation at elevated temperatures and reliability improvement.
Power Electronics Packaging
Typically, power electronics equipment is mostly custom-designed and requires a labor-intensive manufacturing process. Monolithic integration of power electronics devices in the form of power ICs has not demonstrated its cost-effectiveness in general and has been limited to very low-power applications. For a typical power electronics system, individual power devices are mounted on the heat sink, and the drivers, sensors, and protection circuits are implemented on a printed circuit board and mounted near the power devices. The manufacturing process for such equipment is labor-intensive, high cost, and low reliability. Some manufactures have taken a more aggressive approach in recent years, developing a high level of integration where power semiconductors in the die form are mounted on a common substrate with wire bonding. The associated drivers, protection, and sensors are still realized in the form of a high-density printed circuit board, using surface-mount components and then packaged together with the power devices to form a power module.
There are fundamental, long-term limitations to this packaging approach. Although the wire bonding technology has recently seen many improvements, this approach still limits the possibilities of three-dimensional integration, as well as having electromagnetic layout constraints. The thermal management in this type of packaging is essentially limited to one-dimensional heat flow, since the heat generated in the semiconductor die is transferred ihrough its substrate onto the heat sink. In addition, the reduction of structural inductance associated with bonding wires and terminations have limitations, which impairs the electrical performances of the power module. In summary, while semiconductor devices are still one of the dominant barriers for future power system development, they do not currently constitute the fundamental limitation in power conversion technology. It is rather packaging, control, thermal management, and system integration issues that are the dominant technology barriers currently limiting the rapid growth of power conver-
Power Electronics Modules
The lack of standardization of a modular approach to power electronics systems is a major barrier for future advancements. In motor drive applications, the topology is relatively standardized. However, in power supply applications, variations of circuit topologies are numerous. Many power electronics industries today still perceive that utilizing a proprietary circuit topology is a major value added to the product. With the advent of power electronics system technologies, this mode of operation appears to be changing. With the system-oriented thinking, optimization of the overall system performance, cost, and time to market inevitably will lead to standardization. Indeed, it will be those industries which can quickly and effectively provide their customers with a high level of customization and flexibility using standardized building blocks or modules that will gain the competitive edge and enjoy the advantages associated with the economies of scale. These modules must not only contain the power semiconductors, but as an efficient system integration tool, all other necessary standardized functions such as passive power components and the necessary level of intelligence for sensing and control.
Design Process
Today's design process in power electronics is embryonic when compared to the automation levels now common in many other industries. The resulting long design cycles unduly increase the cost and turnaround time, and, coupled with the lack of standardization, form a major bamer to achieving levels of customization that are now standard in many high-tech industries. The need for integrated analysis and design tools is even more pressing now, when further advances are limited by the fundamental relationships between electrical, thermal, mechanical, and material properties of the components and packaging [41.
Necessary Technology Advancements
Major advances of the next generation of power electronics technologies depend on finding solutions to the coupled multi-disciplinary issues in materials, active and passive components, electromagnetic compatibility, circuits and system integration, packaging and manufacturing, marketing and applications.
To provide significant improvements in performance, reliability, and cost of power electronic systems, it is essential to develop an integrated systems approach to standardize power electronics components and packaging techniques in the form of highly Integrated Power Elec-tronics Modules (IPEMs). The impact of improvements in power electronics technology and system integration via the IPEM approach can be compared to the impact realized by improvements in Very-Large-Scale-Integrated (VLSI) circuit technology. Applications of VLSI circuit technology enabled rapid advances in computer and telecommunications equipment, accompanied by a steady increase of level of standardization, volume, manufacturability and decrease in manufacturing cost. The IPEM approach will follow suit and it will make possible increased levels of integration in the components that comprise a power electronics system -devices, circuits, controls, sensors, and actuators -integrated into standardized manufacturable subassemblies and modules that are customized for a particular application.
While the need to develop IPEM and power processing using an integrated systems approach is clear, the task of developing IPEM components and processes suitable for standard use in customized power electronics applications is significantly more complex than for low-power VLSI circuits. Issues unique to power electronics include the use of high-current injection devices, the monolithic integration of high-voltage power devices and low-voltage devices for controls and sensors, the interconnection of high-power devices and control devices on a common substrate, thermal management, structural inductance and capacitance minimization in three-dimensional converter packaging, and the integration of passive high-power components. Successfully addressing these wide-ranging multidisciplinary issues is a prerequisite for realizing the full potential impact of power electronics.
The development of microelectronics integration in VLSI circuits has resulted in the identification and standardization of the most common elementary logic and transfer functions (e.g. logic gates, op-amps). The basic functions in electronic power processing systems are relatively easy to identify: (1) active control of energy transfer using semiconductor switches and switch assemblies, (2) passive energy transfer and storage using transformers, inductors and capacitors, and (3) control and protection using signal processing circuits. However, the integration of these components in a monolithic manufacturing process is not readily available due to the inadequate electromagnetic characteristics of semiconductor materials, the incompatibility of materials and processing methods used in fabrication, and due to the high energy levels these components must handle. All these considerations lead essentially to a hybrid integration technology as the only altemative.
Integrated power electronics modules in the form of hybrid packaging are quite feasible and are economical for a wide range of power applications. Several manufacturers now offer hybrid packaging with switching devices assembled in planar structures. The interconnection of chips is provided using bonding wires, with the limitations already discussed. In some cases, the gate drives and control, and protection circuits are put together in a subassembly and incorporated in a single module. The power devices are switching at high di/dt and dv/dt, and they generate in-module electromagnetic fields that dictate the electromagnetic design. This is not feasible by using wire-bonding technology, indicating the necessity for an interconnection technology and electromagnetic approach that can improve these characteristics. The package is fundamentally limited in power dissipation due essentially to one-dimensional heat flow. In addition, the energy storage components are not included in the integrated modules, thereby resulting in parasitic and interconnection effects that remain pronounced. Because the required physical volume of power electronic equipment is so large, especially for the passive energy transfer and storage components, passive integration has been regarded as impractical in most applications in the past. Innovative three-dimensional integration technologies must be developed.
Regarding system integration, the increasing use of the distributed power system (DPS) approach for a wide range of applications necessitates the development of standardized distributed power architecture and integrated design methodology to realize the full benefits of modularity, serviceability, redundancy, and fault tolerance. Subsystem-level interface requirements should be developed to avoid unwanted interactions and to ensure system stability. Furthermore, architectures for measurement, command, control, and communication should be established at the system level as an industry-wide practice to reap the maximum benefits of the proposed IPEM-based integrated system approach.
Developing an Integrated Systems Approach
The increasing use of DPS for computer and telecommunication applications has opened up the opportunity to develop a standardized modular approach to power processing, which will improve the design and manufacturing processes significantly, as well as enhance the electrical system performance. For this reason, a DPS has been chosen as the test bed to demonstrate the advantages of using an integrated approach to design and manufacture power electronics circuits, as illustrated in Fig. l(a) . The discussion is focused on the DC/DC part of the front-end converter, as detailed in Fig. I(b) . The same figure highlights two blocks that are defined as Active and Passiv; Integrated Power Electronics Modules (IPEMs). Details of these developments will be presented in the next section. The active IPEM represents the integration of power MOSFETs, gate drivers, protection circuits, sensors and possibly some level of control. Similarly, the passive IPEM represents the cutting-edge electromagnetic integration of the DC blocking capacitor, transformer and output inductors of the current doubler configuration. As can be seen, one of the main purposes of increasing the level of integration is to reduce the parts count in the system, increase the power density and develop a modular approach to manufacturing power electronics systems.
Technology

Development for an
In order to develop the discussed innovative systems integration approach for future power electronics systems, two important groups of tools are needed. The first group concems all the necessary technologies to integrate the required functions into IPEMs. The second group of tools concems the necessary software for the design of the integrated building blocks as well as the overall integrated system.
Integrated Packaging
When integrated packaging is developed as part of an integrated systems approach, the interdisciplinary character of the problems requires the inclusion of the necessary expertise in the areas of materials, processing, electromagnetics, interfaces, thermo-mechanics and module technology. In general, the challenges in threedimensional integration are formulated as:
Structural Integration, Functional Integration, and Electromagnetic Integration.
Integrated Systems Approach
In the first class of integration approaches, it is attempted to take the separate known functions and integrate them into a three dimensional structure with the customary clearly defined separate functions as they are found in converters constructed with discrete components [ 5 ] . This approach to the problem essentially resembles the classical discrete approach to power electronics and translates that to miniaturization concepts. In the Functional Integration approach, it is attempted to simplify this three dimensional structure by using some parts of the structure to perform more than one of the functions as found in a converter constructed with discrete components, thereby also reducing the number of interconnections and improving the three dimensional power distribution [ 5 ] . In the third approach, the three dimensional structure is designed to use the same electromagnetic volume to execute all the energy processing functions [6] . The present program, as outlined below, concentrates on Structural integration, but already incorporates some aspects of Functional Integration.
A Planar Metalization Technologies
Since the use of wire bonding inhibits threedimensional structural integration, a number of planar metalization technologies were developed. An example of one of these technologies is the Embedded Power Technology that has been implemented in the active power module of the previously referred DPS [ 7 ] . The principle of this technology is shown in Fig. 2(a) , while a module for the DPS is shown in Fig. 2 (b) . Note that since one of the main structural elements of this planar technology is a ceramic carrier, the structure is amenable to mounting passive devices and advanced control functions in 3-D fashion directly on the carrier.
B Technologies for Integration of Power Passives
The technologies that have been developed for the integration of power passive devices (inductors, capacitors, transformers, filters and resonant circuits) are an example of both structural and of some functional integration. The electromagnetic structure of any capacitor or inductor already includes both types of electromagnetic energy storage. Instead of attempting to produce "pure" components, it has long been realized that enhancing the capacitive component in inductors can lead to an integrated component [8]. However, in terms of 3-D integration, it remained for the combination of all the well known technologies for planar magnetic components, multilayer planar capacitors and the process technologies for making micro-inductors to be combined into a viable planar technology for the integration of high density, high power planar passives into modules [9] . The development of this technology was first applied to resonant converters and resonant transition converters as offering a natural proving ground to combine a resonant function and a transformer. Fig. 3(a) illustrates a typical integrated passive module for lMHz containing the transformer and all resonant components [9], while Fig. 3(b) shows a component for higher power applications [IO] . For the DPS application, an integrated passive module for a non-resonant application was required for the asymmetrical half-bridge configuration as given in Fig. l(b) . While the technology used is the same, the innovative module developed incorporates all the passive components as shown in Fig. l(b) , as well as using an integrated magnetics approach [ 1 11. Fig. 4(a) illustrates the multilayer design developed for this module, with the different conducting, dielechic, magnetic leakage and magnetic core layers in evidence. The actual integrated passive module incorporated with the active module in Embedded Power Technology is shown in Fig. 4(b) .
While the development of the DC/DC power module has shown that the power density of the passive part can be increased several times (in this specific case more than 3 times were achieved), research has shown that the limits are still appreciably further away for existing materials, while improved materials and thermal advances will extend this even further. The eventual combination of active and passive modules will lead to an order of magnitude improvement in overall powerdensity.
Integrated Analysis and Design Tools
A multidisciplinary team effort on circuit design, materials optimization, electronic packaging techniques and thermal management is necessary in order to realize an integrated system. The need for integrated analysis and design using CAD tools has become more evident, especially when a collection of disciplines is required to achieve significant improvements in power density, thermal management and system level issues, such as stability and EM1 performance. The entire procedure for designing an IPEM, including layout, fabrication and systems applications necessitates integration of CAD tools [ 121. An example of integrated analysis used to optimize the design of the active IPEM can be seen in the flowchart shown in Fig. 5 . In this example, a software tool called iSlGHT is used to integrate and manage the data exchange between all other softwarc tools. The user inputs the solidbody geometry and matcrial data describing the IPEM layout into thc mechanical CAD software such as I-DEAS with a capability of exporting thc geometry in a numbcr of format files and optional open architcctural library that facilitates software integration.
The same geometry and material data should bc shared by clcctromagnetic ficld and by thermal analysis software packages. In the examplc shown in Fig. 5 , Ansoft Max-well Q3D is used to extract the electromagnetic lumped parameters, such as self and mutual inductances, capacitances, and ac and dc resistances of the active IPEM layout. The extracted parameters are transferred as an equivalent circuit Fig. 6(a) into the circuit simulation software such as Saber in order to perform transient or EM1 and loss analysis. The thermal analysis is performed by I-DEAS Thermal package, using the same geometry and material data, as well as the device loss information from the circuit analysis, to produce the temperature map within IPEM, shown in Fig. 6(b) . This interaction between Saber and I-DEAS is managed by iSIGHT until the temperature and device losses achieve convergence. This kind of analysis enables the designer to evaluate the tradeoffs between the electrical and thermal performance at the sub-system level. The user can change the relative layout, size, and material of the structural parts, or even select different heat sink size or fluid flow, to achieve satisfactory results. This integrated analysis example can be expanded to the entire system design, which would drastically reduce the design cycle time and cost of the final product.
Conclusion
The fundamental approach to power conversion has steadily moved toward "high-frequency synthesis", resulting in huge improvements in converter size, weight and cost. It is well recognized within the industrial sector that the performance of power electronics systems were driven by improvements in semiconductor components during the last five decades. In order to provide future improvements in performance, reliability, and cost of power electronics systems, it is essential to develop an integrated systems approach to standardize power electronics components and packaging techniques in the form of highly Integrated Power Electronics Modules (IPEMs).
Moving from typical power electronics systems that use non-standard components to a highly integrated system will require better packaging techniques to increase power density, improve electrical performance and improve thermal management. Moreover, integrated analysis and design tools are necessary to develop breakthrough integration technologies that fully exploit the physical properties of available materials.
